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The Quincke effect is an electrohydrodynamic instability which gives rise to a torque on a dielectric
particle in a uniform DC electric field. Previous studies reported that a sphere initially resting on
the electrode rolls with steady velocity. We experimentally find that in strong fields the rolling
becomes unsteady, with time-periodic velocity. Furthermore, we find another regime, where the
rotating sphere levitates in the space between the electrodes. Our experimental results show that
the onset of Quincke rotation strongly depends on particle confinement and the threshold for rolling
is higher compared to rotation in the hovering state.
PACS numbers:
I. INTRODUCTION
The spontaneous spinning of a dielectric sphere in a
uniform DC electric field was described over a century
ago in the work of G. Quincke [1]. The phenomenon
was studied sporadically [2–7], however in recent years
it is enjoying increasing interest. An isolated sphere was
found to undergo Lorenz chaotic rotations [6] and pairs
of Quincke rotating spheres display intricate trajectories
[8–10]. A suspension of Quincke rotors can exhibit lower
effective viscosity [11–13] or increased conductivity [14]
compared to the suspending fluid. More complex electro-
rotation dynamic arises from field nonuniformity [15] or
nonspherical particle shape [16–19], for example, shape
anisotropy created by chirality [20] or deformation as in
the case of an elastic filament attached to a sphere [21]
converts the Quincke rotation into particle translation.
Drops while rotating can also deform and appear as if
“breathing” [7, 22–26]. Quincke rotation in complex me-
dia is affected by the medium structure. For example,
in liquid crystals Quincke rotors orbit along circularly
shaped smectic defects [27, 28]. Quincke rotors initially
resting on a surface roll with steady velocity. Large popu-
lations of these so called Quincke rollers can self-organize
and undergo directed motion [29–33], although heteroge-
neous medium may suppress the collective motion and
destroy the Quincke roller flocks [34, 35].
The Quincke effect arises from particle electric polar-
ization, see Figure 1 for an illustration of the mechanism.
Upon application of an electric field, mobile ions brought
by conduction accumulate at the particle interface due to
the difference of electrical conductivity, σ, and permit-
tivity, ε between the particle, “p”, and suspending, “m”,
media. In a uniform field, if the resulting induced dipole
is antiparallel to the the applied field, a spontaneous sym-
metry breaking occurs in strong fields. The theoretical
analysis of this instability for a sphere in an unbounded
domain predicts that the dipole adopts a steady tilt angle
relative to the applied field direction above a threshold
FIG. 1: (left) Induced free charge distribution for a sphere with
R/S < 1. (right) Above a critical field strength E > EQ steady
rotation in the plane perpendicular to the electric field (Ω ·E = 0)
is induced by the misaligned induced dipole of the particle.
electric field [3–5]
E2Q =
2σmµm (R+ 2)
2
3ε2m(S− R)
, (1)
where
R =
σp
σm
, S =
εp
εm
. (2)
The resulting electric torque drives rotation with rate
ΩQ, which increases with field strength
ΩQ = ± 1
tmw
√
E2
E2Q
− 1 , tmw = εm
σm
(
S+ 2
R+ 2
)
(3)
Eq.(1) shows that rotation is possible only if the material
properties are such that R/S < 1.
Here we experimentally investigate the effect of con-
finement on the Quincke rotor dynamics. Our study
is motivated by the fact that in the experiments with
Quincke rollers [29, 30] the particles are sandwiched be-
tween electrodes and are rolling on the bottom surface.
Since the Quincke effect is very sensitive to the suspend-
ing fluid conductivity we control it by adding surfactant.
We find that the additive strongly influences the Quincke
dynamics and in addition to rolling, we find a new regime
of hovering, where the sphere lifts off the bottom surface
and spins in the space between the electrodes.
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2II. METHODS AND MATERIALS
A. Experimental setup
The experimental setup consists of two indium-tin-
oxide (ITO) coated glass slides (Delta Technologies) sep-
arated by a Teflon tape of thickness h, as shown in Fig-
ure 2. The chamber area is 2 × 2 cm2. A single col-
loidal size poly-methyl methacrylate (PMMA) (Phospho-
rex) particle is placed on the bottom electrode of the
chamber, and then the chamber is filled with hexade-
cane containing small amount of AOT(Dioctyl sulfosuc-
cinate sodium salt) (Sigma Aldrich). To create differ-
ent rotor confinement, we study particles with diameters
d = 40µm and d = 100µm, and a chamber with teflon
spacer h = 120µm and h = 240µm. We characterize
the confinement by the ratio d/h, although the actual
gap between between the electrodes is about 10-15 µm
larger than the tape height h due to fluid penetration
between the tape and the glass. A potential difference
between the ITO-electrodes is applied using a high volt-
age amplifier (Matsusada). Observations are done using
a Zeiss microscope. High speed camera (Photron) is used
to record images of the particle, which are analyzed us-
ing a custom Matlab code, to extract the trajectory and
velocity of the colloid.
The material properties for the particles and suspend-
ing fluid are listed in Table I. The electrical conductivity
of the fluids is measured using a high-precision multime-
ter (BK Precision), following a similar procedure as in
Sainis et al.[36]. The electric conductivity of the pure
hexadecane was below the sensitivity of the multimeter,
10−12 S/m.
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FIG. 2: a) Side view of experimental setup. b) Image of single
PMMA particle. Rotation rate is measured by tracing the defects.
Density Dielectric Conductivity Viscosity
ρ constant σ µ
Material (g/cm3)  (-) (S/m) (Pa.s)
Hexadecane 0.77 2 NA 4.3× 10−3
PMMA 1.18 3.6 10−17 NA
TABLE I: Material properties of the particle [25] and sus-
pending fluid.
B. Control of fluid conductivity
The conductivity of the suspending fluid is controlled
by adding AOT (Sigma Aldrich) to hexadecane (Sigma
Aldrich). We use 0.05, 0.10, and 0.15 M AOT solutions
similar to the compositions that have been used in pre-
vious studies of Quincke rollers [29–33]. These concen-
trations are well above the Critical Micelle Concentra-
tion (CMC) for AOT, which is about 10−6 M [36]. The
Quincke effect is not observed in pure (AOT-free) hex-
adecane and hexadecane with low (sub- and near-CMC)
AOT concentrations likely due to very low number of free
charges, which renders the media effectively perfect di-
electrics. AOT is also known to charge colloidal particles
dispersed in oil [37–40]. In our system, the particle stays
on the bottom electrode even upon reversal of the field
polarity, which suggests that charging, if any, is negligi-
ble.
AOT is hygroscopic and the original package, as de-
livered from the manufacturer, contains uncontrolled
amount of moisture [38]. We remove this water by drying
the salt in a convection oven (Fisher Scientific) at 90 C
for 24 hours. Controlled amounts of moisture to the AOT
are introduced by placing the salt in a custom built hu-
midity chamber for different periods of time. We mix the
salt with the hexadecane and wait for approximately 2
hours before carrying out experiments. The hexadecane-
AOT solutions used in the experiments and their con-
ductivities are listed in Table II. Notably, the solution
conductivity has a non-trivial dependence on AOT and
water content and different combinations of AOT and
moisture can result in a similar conductivity.
III. RESULTS AND DISCUSSION
We find two different particle dynamics depending on
the AOT and its water content (see Fig.3 for illustrations
and Supplemental Movies). In the moist AOT system,
the sphere exhibits translational motion along the bot-
tom chamber surface (called rolling [29]) above a thresh-
old field strength EQT , as previously observed [29]. How-
ever, in the dry AOT system, the sphere first lifts off from
the electrode and levitates (without spinning) between
the electrodes. The lift occurs above a field strength EL.
Upon further increase in the field, rotation starts above a
critical value EQR. In general, EQ < EL < EQR < EQT .
EQ for the unconfined rotation is most sensitive to fluid
viscosity and conductivity, as seen from Eq.(1). Using
a typical value for the hexadecane and AOT mixture,
σm ∼ 10−8 S/m, yields EQ ∼ 0.5 MV/m. Our measure-
ments for the electric field at onset of rolling EQT are in
the range 1-5MV/m, consistent with the reported values
by [29] and [32]. Lift and rotation in the moisture-free
system EQL and EQR require lower fields compared to
rolling, 0.5-1 MV/m. Next we analyze the dependence of
the critical fields for rolling (EQT ), lift (EL), and rota-
tion in the levitated state (EQR) on particle confinement,
30.05 M AOT 0.1 M AOT 0.15 M AOT
Water (%wt) σ (S/m) Water (%wt) σ (S/m) Water (%wt) σ (S/m)
0 4.91 ×10−9 0 1.26 ×10−8 0 2.32 ×10−8
1.86 6.87 ×10−9 1.45 2.00 ×10−8 0.62 2.29 ×10−8
4.11 1.02 ×10−8 1.86 2.14 ×10−8 0.97 2.57 ×10−8
5.70 1.32 ×10−8 3.63 2.66 ×10−8 1.53 3.60 ×10−8
8.66 3.08 ×10−8 5.94 5.37 ×10−8 2.99 4.32 ×10−8
TABLE II: Fluid conductivities of hexadecane with AOT with different moisture content (listed as weight percentage).
AOT concentration and water content.
P
E
P
E > EQT
U
P
E
P
Ω
P
E > EL E > EQR
FIG. 3: Illustration of the Quincke dynamics in the rolling (top)
and hovering (bottom) regimes (see also Supplemental Videos.)
A. Rolling
Figure 4 shows that the electric field strength above
which the sphere starts to roll increases with confine-
ment. One possible reason is the enhanced drag on
the sphere due to the walls. To estimate the wall ef-
fect, we consider a sphere with radius a translating with
velocity V and rotating with rate Ω near a wall. The
proximity of the wall modifies the force and torque on
the sphere, compared to the unbounded case, depend-
ing on the separation between the sphere and bottom
surfaces δ: F t = 6piµmaV f
t(δ), F r = 8piµma
2Ωfr(δ),
T t = 8piµma
2V τ t(δ) and T r = 8piµma
3Ωτ r(δ). For
very small separations, the friction coefficients are de-
rived from lubrication theory [41]
fr =− 215 ln
(
δ
a
)− 0.2526 , f t = 815 ln ( δa)− 0.9588
τ r= 25 ln
(
δ
a
)− 0.3817 , τ t = − 110 ln ( δa)− 0.1895
(4)
The balance of forces and torques acting on the sphere is
F t+F r = 0 and TE+T r+T t = 0, where TE is the electric
torque exerted by the field. The torque balance shows
that the electric field has to overcome a larger viscous
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FIG. 4: Quincke rolling thresholds EQT at different confine-
ment for 0.1 M AOT in hexadecane and varying moisture content
%wtH2O = red < black < magenta < green (see Table II for the
values of the water weight percentages). For comparison EQ for
this system is 0.37MV/m in the absence of moisture.
torque on the sphere compared to the unbounded case
TE = 8pia3µΩτ(δ) ,
τ (δ) = −τ r(δ) + f
r(δ)
ft(δ)
τ t(δ) .
(5)
The gap between the sphere and the bottom surface δ is
estimated to be few nanometers (see discussion of Figure
5). Using δ = 10 nm yields τ ∼ 4; accordingly the critical
field increases by a factor of 2, based on the linear rela-
tion between E2Q and the viscous torque, Eq.(1). This
evaluation, however, ignores the top wall, whose effect
can be non-negligible, especially at the highest confine-
ment where the gap between the sphere and top electrode
surfaces is below 20 µm.
The separation between the translating sphere and the
bottom surface can be estimated from the measured ve-
locity slip, i.e., the difference between the translational
velocity and the no-slip rolling velocity aΩ. We experi-
mentally measure the rotation rate Ω by tracking surface
features of the colloidal sphere (with radius a = 50µm)
using high speed video imaging. Figure 5 compares the
roller speed to the no-slip translational velocity Ωa. Only
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FIG. 5: Roller speed V versus the no-slip rolling velocity aΩ,
V = f(δ)aΩ, for the lowest (◦) and highest () moisture contents at
0.05 M (blue), 0.1 M (black), and 0.15(red) M AOT and d/h = 0.83.
The dashed line corresponds to the case of rolling with no slip
f(δ) = 1. The solid line is the velocity corresponding to a δ=10nm
gap between the sphere and the bottom surface, calculated from
Eq.(6).
at the lowest AOT and moisture content does the sphere
roll without slipping, i.e., V = aΩ. All the other cases
show slip V < aΩ depending on the thickness of the lubri-
cating film between the sphere and the electrode surface.
Using the force balance on the sphere and the results
from lubrication theory Eq.(4), we find
V = f(δ)aΩ , f(δ) =
2
15 ln
(
δ
a
)
+ 0.2526
8
15 ln
(
δ
a
)− 0.9588 . (6)
From the data on Figure 5, we estimate the gap δ be-
tween the particle and electrode surfaces to be about ten
nanometers. Another likely cause for the increase in the
critical field for rolling is a resistance due to adhesion be-
tween the particle and the bottom surface. It has been
reported that small amounts of water generate strong ad-
hesive force between surfaces in nonpolar fluids [42, 43].
Furthermore, adsorption of water on the particle surface
(e.g., in the form of AOT inverted micelles) increases the
particle effective conductivity [40, 42]. From Eq.(1) we
see that increasing the conductivity ratio R decreases the
denominator and hence increases EQ. Indeed, we observe
that at a given AOT concentration, higher moisture in-
creases the critical field for rolling, see Figure 6.
Figure 7 shows that, in general, the threshold for
rolling increases with fluid conductivity as expected from
the behavior at unconfined electrorotation Eq.(1). How-
ever, unlike the unconfined rotation, there is no unique
relation between the threshold field and the conductiv-
ity of the suspending fluid, as highlighted by the shaded
regions on Figure 7. This is related to fact that same con-
ductivity may correspond to different moisture content,
see Table II.
The classical Quincke effect results in constant torque
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FIG. 6: Quincke rolling thresholds for 0.1 M AOT-hexadecane so-
lution as a function of moisture content. The symbols correspond
to particle confinement  : d/h = 0.83, and © : d/h = 0.17. The
solid symbols are the threshold for unconfined electrorotation cal-
culated from Eq.(1) using the conductivities corresponding to the
0.1M AOT and moisture content, Table II.
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FIG. 7: Quincke rolling threshold as a function of conductiv-
ity of the suspending fluid. The symbols correspond to different
confinement  : d/h = 0.83,  : d/h = 0.42, 4 : d/h = 0.33,
© : d/h = 0.17. Colors denote AOT concentration 0.05 M (blue),
0.1 M (black) and 0.15 M (red). The electric field is scaled by the
Quincke threshold for unconfined rotation calculated from Eq.(1)
for the conductivity of the moisture-free fluid. The regions shaded
in grey show that even for solutions with similar conductivities
and same confinement, the EQT can vary due to different moisture
content.
and suggests rolling with a constant velocity which in-
creases linearly with field strength for E/EQT  1, see
Eq.(3). Figure 8 shows that the rolling velocity follows
the expected dependence on the field strength. At high
field strengths, however, we find a previously unobserved
dynamics - the particle undergoes periodic acceleration
and deceleration, see the inset in Figure 8, and the av-
erage velocity plateaus. The new unsteady dynamics
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FIG. 8: Quincke roller velocity as a function of field strength
E/EQT , where EQT is the critical field for the onset of rolling
for the system 0.1 M AOT with 1.45% water and confinement
 d/h = 0.42.
likely arises from particle inertia: the rolling is very fast,
V ∼ 0.1 m/s, and the particle Reynolds number becomes
Re = ρmV a/µm ∼ 1. The steady rotation, Eq.(3), is
predicted under the assumption of negligible particle in-
ertia [5]. The Quincke model with inertia maps onto the
Lorenz equations, which can have periodic and chaotic
solutions, corresponding to unsteady rotations [6].
B. Hovering
In the case where the AOT added to the hexadecane
is anhydrous, the sphere first lifts off the electrode at
a critical field strength EL and starts to rotate, while
hovering in the space between the electrodes, above a
threshold field EQR. The lift is of dielectrophoretic ori-
gin, due to the highly nonuniform electric field around
the confined sphere [44, 45], illustrated in Figure 9. The
repulsion is somewhat counterintuitive because approxi-
mating the sphere as a point dipole predicts attraction to
the wall (the effect of the equipotential electrode surface
in a uniform electric field is equivalent to an image dipole
also antiparallel to the field [29]). The image argument
ignores the nonuniformity in the electric field induced
by the particle, which is reasonable for small particles
compared to the electrode separation as in the experi-
ments [29]. However, in our system the perturbation in
the applied electric field by the sphere is large and top-
bottom asymmetric. The surface charge distribution is
also asymmetric Thus, effectively each half of the dipole
“feels” a field of different magnitude leading to a net force
on the sphere. The direction of this force depends on the
particle and suspending medium conductivities and can
be estimated from the particle dipole. In the Quincke
configuration, for the PMMA sphere, the dipole points in
the opposite direction to the electric field ∼ (R− 1) < 0
and the particle moves away from high field regions near
0 50 m
E [MV/m]
0.20 0.41 0.61 0.81 1.00 1.22 1.35 0.15 
FIG. 9: Electric field magnitude (color) and potential lines about
a sphere with d = 40µm between two parallel electrodes separated
by a 120 µm gap. Particle conductivity is σp = 10−17 S/m and
the medium conductivity is σm = 2 × 10−8S/m. The potential
difference is 90V and the particle is suspended at a height of 2.8
µm above the bottom electrode. Computations performed with
ANSYS-FLUENT.
the bottom electrode, towards the middle of the chamber.
The lift is suppressed in the moist AOT system likely
due to either adhesion between the particle and the bot-
tom surface and/or modified particle conductivity due to
adsorption of water (e.g., in the form of AOT inverted
micelles) [40, 42, 43, 46]. In the latter case, the for-
mation of highly conducting layer even if of nanometric
thickness increases the effective conductivity of the par-
ticle and may reverse the sign of the particle induced
dipole thereby changing the dielectrophoretic force from
repulsive to attractive.
After lift-off, the hovering height increases with field
strength. We experimentally measure the height directly
using the microscope focus knob with custom designed
calibration which enables 1.24 µm resolution.Figure 10
shows that the equilibrium height, defined as the dis-
tance between the sphere center and the bottom sur-
face, approaches the chamber midplane as the field in-
creases. At the onset of rotation, the equilibrium height
decreases slightly because the dipole tilt decreases the
dipole component antiparallel to the applied field direc-
tion thereby effectively decreasing the dielectrophoretic
lift force. The hovering height is sensitive to confinement.
The most confined particle experiences the strongest ini-
tial lift, likely due to electric field gradients being largest
in this case. The hydrodynamic interaction of the rotat-
ing sphere and the confining electrode surfaces induces
particle translation, however the effect is much weaker
compared to the rolling case [41, 47, 48]: the translation
is two orders of magnitude slower than rolling.
Figure 11 shows that the threshold for rotation EQR
increases, albeit modestly, with confinement. However,
the threshold for rotation is lower than the rolling case
(at the highest confinement the rotation onset is higher
than the unconfined case by a factor of 2 while in the
rolling case with highest moisture the factor was about
10). This suggests that even though confinement results
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FIG. 10: Hovering height scaled by the distance between the elec-
trodes, (a + δ)/h, as a function of electric field for a 0.15M dry
AOT and confinement  d/h = 0.83 and  d/h = 0.42. The onset
of rotation is marked by the magenta line. Hovering height of 0.5
corresponds to the midplane between the electrodes.
in stronger viscous resistance to the sphere rotation, wa-
ter effects (either resulting in adhesion or increased ef-
fective conductivity) play a more important role in the
rolling onset.
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FIG. 11: Thresholds for lift (right vertical axis) and rotation (left
vertical axis) as a function of confinement for a 0.1 M dry AOT.
The thresholds have been non-dimensionalized by the threshold for
Quincke rotation in unbounded medium calculated from Eq.(1) us-
ing the conductivity of the dry fluid of the same AOT concentration
(0.1 M).
Figure 12 shows the experimentally measured rotation
rate in the hovering state as a function of the electric field
strength. Since the rotation rate Ω is measured by track-
ing surface features, only the larger sphere with diameter
100 µm is studied because the d = 40 µm particles are
featureless. Our experimental measurements for confine-
ment dh = 0.42, are in close agreement to those theo-
retically predicted using Eq.(3) using the experimentally
determined EQR instead of EQ. Increasing confinement
results in a decreased Ω due to additional hydrodynamic
drag from the wall.
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FIG. 12: Rotation rate of the hovering Quincke rotor for 0.1 M
(black) and 0.15 M(red) AOT. The confinements are  : d/h = 0.83,
and  : d/h = 0.42, The solid line is obtained from Eq.(3) using
the experimentally determined EQR instead of EQ. The onset of
the chaotic regime is marked by the black and red horizontal lines
for 0.1 M and 0.15M respectively. The inset illustrates the chaos
in rotation.
In strong fields the rotor dynamics becomes chaotic
due to particle inertia. During steady rotation the ro-
tation axis is fixed, but in the chaotic case the rota-
tion axis changes irregularly (while still remaining in the
plane perpendicular to the field direction). The chaos
in Quincke rotation has been previously studied in a 2D
case (cylinder) [5, 6]. In this case the rotation axis is fixed
and the chaos was manifested by the rotation rate ran-
domly switching between clockwise and counterclockwise
direction.
IV. CONCLUSION
We experimentally study the Quincke effect (sponta-
neous spinning of a sphere in a uniform electric field) in
strong confinement with particle diameter to gap ratio
d/h ranging between 0.17 and 0.83. Our results quan-
tify that confinement increases the critical field for on-
set of rotation, and thus, unlike the classical unbounded
Quincke rotation, the threshold filed becomes dependent
on the particle size.
We find that the Quincke effect in confinement is very
sensitive to the additive used to control the conductivity
of the suspending oil. In our system of hexadecane with
added AOT, moisture in the AOT dramatically changes
the Quincke behavior.
If the AOT contains water, a sphere initially resting at
the bottom electrode adheres to the surface and above
7the Quincke threshold the sphere starts rolling. The
adhesion appears stronger at higher water content, sug-
gested by the experimentally observed higher field thresh-
old for rolling. Comparing the roller translational veloc-
ity and the no-slip rolling velocity calculated to the ro-
tation rate shows that the Quincke rollers roll with slip.
Mixtures of water and AOT can have similar conduc-
tivity but different threshold for rolling, confirming the
important role played by water in the adhesion.
If the added AOT is anhydrous, adhesion is prevented,
the sphere lifts off from the electrode surface due to elec-
trostatic repulsion and rotates while hovering in the space
between the electrodes. The critical fields for lift and ro-
tation in this case are an order of magnitude lower than
the rolling case.
In stronger fields, rolling becomes unsteady with time-
periodic velocity, while rotation in the hovering state be-
comes chaotic.
Our study highlights the complex dynamics of the
Quincke effect. Given the increasing interest in the
Quincke rotors as a model “active” particle (either self-
propelled in the rolling case or self-rotating in the hov-
ering case), our study provides important insights about
how to harness the Quincke effect for active fluids.
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